The effect of Glycaemic Index (GI) and Load (GL) of breakfasts on satiety and aspects of cognitive function in children is inconclusive. We aimed to assess if isocaloric breakfasts differing in GL (by replacing high-GI carbohydrate foods with dairy protein foods) acutely alter cognitive function and satiety in 10-to 12-year-old children. SUBJECTS/METHODS: A total of 39 children, aged 11.6±0.7 years with body mass index 18.9±3.0 kg/m 2 (Mean±s.e.) participated in a randomised crossover trial of three isocaloric breakfasts (1.3 MJ): high GL (HGL: 7 g protein, 9 g fat, 50 g carbohydrate, GL 33); medium GL (MGL: 14 g protein, 9 g fat, 45 g carbohydrate, GL 24) and low GL (LGL: 18 g protein, 10 g fat, 38 g carbohydrate, GL 18). Blood glucose was recorded using a continuous glucose monitor. Subjective hunger and cognitive performance were measured before and hourly after consuming the test breakfast via a computer-delivered battery. Ad libitum intake at a buffet lunch meal was measured at 3 h at the end of testing. RESULTS: Incremental area under the glucose curve (iAUC) was significantly different with HGL4MGL4LGL (Po0.001). Glucose concentrations fell below baseline after 83±6 min for HGL, 63±5 min (MGL) and 67±5 min (LGL)(P ¼ 0.009). Breakfast GL did not significantly alter changes in cognitive function or self-reported satiety throughout testing. Energy intake at lunch was not significantly different between treatments (HGL 2943±168 kJ; MGL 2949±166 kJ; LGL 2993±191 kJ). CONCLUSIONS: Reducing breakfast GL by replacing carbohydrate with protein does not alter satiety or cognition over 3 h in 10-to 12-year-old children.
INTRODUCTION
The Glycaemic Index (GI) and Load (GL) of breakfasts have been shown to alter satiety in overweight/obese children. 1, 2 However, studies on appetite regulation in children are sparse and most have been conducted in uncontrolled settings. Two randomised controlled trials have shown a decreased measure of hunger following low GL meals, compared with high glycaemic meals which differed in macronutrient composition, in the treatment of overweight in children and adolescents.
1,2 Warren et al. 3 showed that low-GI breakfast cereals were associated with lower energy intakes at lunch in pre-adolescent children independent of weight status. In adults, postprandial glycaemic responses have not been shown to relate to appetite sensations following test meal studies, although there is some evidence for lower glucose responses to be associated with lower energy intakes. 4 Postprandial glycaemic responses have also been related to some aspects of cognitive function in children. Ingwerson et al. 5 showed less deterioration in cognitive performance in children 2 h after intake of a lower GI breakfast cereal. However, a metaanalysis by Hoyland et al. 6 concluded that there is limited research comparing breakfast type on children's cognitive function. Gilsenan et al. 7 concluded that there was insufficient evidence to support a consistent effect of GL on short-term cognitive performance, indicating the need for better controlled studies with clearly described dietary methodology. The aim of this study was to evaluate whether reducing the GL of breakfast by replacing dietary carbohydrate with dairy protein foods improves satiety and critical aspects of cognitive function in a sample of children aged 10 to 12 years.
We hypothesised that isocaloric breakfast meals with a lower GL achieved through higher dairy composition would be associated with improvements in cognitive function and energy intake compared with higher GL breakfasts. 
SUBJECTS AND METHODS

Study design
The current study employed a three-way repeated measures crossover design. Three dietary conditions were administered to measure their acute effect on satiety and cognition over a 3-h period across the morning. All treatment order permutations were randomised among consenting participants using http://randomization.com.
Participants
Participants' caregivers were alerted to the study by public advertisement or an existing database. Eligible children were between 10 and 12 years old and not on a prescribed diet, known to be allergic or intolerant to the test foods or diagnosed as having either Type 1 diabetes, learning difficulties or Attention Deficit Hyperactivity Disorder.
After screening, suitable children were asked to attend an information session with their caregivers where the procedures and goals of the study were outlined. They were advised that the study aimed to assess the role of different breakfasts on fullness and mental performance. If children and caregivers were agreeable to proceed, both signed an informed consent declaration.
Of the 52 children recruited, 40 were deemed eligible and 39 children (13 female, 26 male) successfully completed the study with one withdrawing due to unexpected commitments. The mean age of the group was 11.6 ± 0.7 years (Table 1) . Most children (27, 69%) were classified as normal weight according to criteria proposed by the International Obesity Task Force. 8 
Procedure
Children attended the Clinical Research Unit on four consecutive mornings. The first day was a familiarisation session, which was also used to insert the sensor for the continuous glucose monitoring system (CGMS). On this visit, both parent and child met with the study team and the children were able to practice the computer-based tasks until they felt confident. The following three mornings were testing days. During these days, children were required to arrive at the Clinical Research Unit in a fasted state (confirmed on arrival).
The schedule for each testing day was identical. Upon arrival to the Clinical Research Unit (approximately 0800 hours), children's CGMS measuring devices were attached. While still in the fasted state, children rated their appetite using a computerised visual analogue scale and completed a computerised battery of eight cognitive tasks. The complete computer battery took roughly 20 min to finish. Each hour after breakfast (T0) for 3 h (T1, T2, T3), children repeated the visual analogue scale and battery of cognitive tasks, completing a total of four time points each day. A weighed buffet lunch was provided once T3 had been completed, after which the monitors were detached and children departed the clinic (approximately 3.75 h after their arrival). Children remained supervised during the entire testing period. Between testing points, quiet activities including playing board games and watching short films were used to entertain children. Parents were not present during testing.
Test meals
The breakfast meals were identified as A, B or C, and varied in GL and macronutrient and dairy food composition: high GL/no dairy (HGL), medium GL/medium dairy (MGL) and low GL/high dairy (LGL). The composition was isocaloric (1.3 MJ) with macronutrient profile outlined in Table 2 . Children were supervised while eating their breakfast meals. They were required to consume all food on their plate within 15 min and refrain from discussing the food with each other. Compliance was 100% with these instructions.
Analyses
Blood glucose. Medtronic MiniMed CGMS (Northridge, USA) was used to obtain continuous glucose readings. 9 The CGMS measured extracellular glucose every 10 s and an average of these values was stored in its memory every 5 min (invisible to the wearer). The CGMS communication station was used to download data (MEDTRONIC MINIMED software 3.0C program).
Before children received the test meals and on an additional two occasions over the testing period, the CGMS monitor was initialised and calibrated with the use of capillary blood glucose measurements taken by Registered Nurses (Medisense, Optimum; Abbott Laboratories, Abbott Park, IL, USA). All calibrations were within acceptable ranges.
Incremental area under the curve (iAUC), peak blood glucose value (mmol), time to reach peak blood glucose value (minutes) and time taken to return to baseline blood glucose values (minutes) were calculated based on blood glucose data.
Appetite. A visual analogue scale was used to assess children's subjective appetite. 10 This scale asked 'How hungry do you feel?', 'How satisfied do you feel?', 'How full do you feel?', and 'How much do you think you can eat?' at this moment. Opposing extremes were described at either end of a 100-mm horizontal line (I am not hungry at all/I have never been more hungry; I am completely empty/I cannot eat another bite; Not at all full/ Totally full; Nothing at all/A lot). Scores for each item ranged from 0-100 (mm).
Factor analyses revealed that these four items represented the same construct, which was supported by good internal consistency (Cronbach's alpha 0.80 to 0.90 across different meal conditions). Negatively worded items were reverse coded so that high scores on the composite measure represented high levels of appetite. The total appetite score rating ranged from 0 to 400. Table 1 . Baseline characteristics of participants
Mean±s.e.
Mean±s.e. Mean±s.e. 22 Glycaemic load and satiety and cognition in children E Brindal et al Energy intake at lunch. Children received the same buffet-style lunch each day and were asked to eat ad libitum until they were comfortably full. The lunch consisted of de-crusted sandwiches (7 per child) cut into bitesize portions, an 800 ml bowl of dessert and a bottle of water (500 ml). Children had a choice between several sandwich fillings (matched on energy density) and custard or yoghurt for dessert. All foods were offered simultaneously on a tray. Children ate in separated small groups. All groups were composed of two or three children who were not family or friends to minimise social influences. 11 For each child and testing day, the amount eaten was calculated as the difference in the weight of each item prior and post exposure to the buffet. Weight was then converted to an energy (kJ) value using FoodWorks 5.0 (Xyris Software, Highgate Hill, Australia).
Cognitive constructs. Six cognitive constructs (speed of processing, short-term and working memory, perceptual speed, attention switching and inspection time) were assessed using individually completed tasks administered in a group setting (with private booths)(Supplementary Appendix 1). The perceptual speed task was measured using paper and pencil; all other tasks were programmed using Inquisit 3.0 (Millisecond, Seattle, WA, USA) and presented on computers.
Statistical analysis. Statistical analyses were performed using SPSS for Windows 17.0 (SPSS, Chicago, IL, USA).
To test for differences between conditions, a Maximum Likelihood
Mixed-Model was constructed in which meal condition and testing occasion were repeated factors. Participant sex, body mass index (BMI) zscore, age, day of testing (first, second, third) and baseline scores were controlled for in all models. An interaction between sex and treatment was also assessed. iAUC for glucose for each meal was calculated using the trapezoidal rule for values above baseline. Figure 1 and Table 3 Controlling for sex, day of testing, body mass index z-score, age and baseline blood glucose (baseline values and iAUC excepted).
RESULTS
Blood glucose
b Study records indicated that there were technical difficulties with recording two children's glucose data (one for the HGL and one for the LGL meal conditions). Therefore, values were missing in these instances. Missing data points also precluded the calculation of iAUC for a single case (MGL meal).
Appetite
There was no interaction effect for the change in appetite throughout the morning, according to the different meal conditions (F(4, 263) ¼ 0.41, P ¼ 0.80) or any main effect of the test meal (F(2,177) ¼ 0.84, P ¼ 0.44).
There was a main effect of time throughout testing (F(2, 235) ¼ 120.91, Po0.001) (Figure 2) . Several covariates had a significant effect on appetite including testing day (Po0.001), age (P ¼ 0.03) and BMI z-score (P ¼ 0.008). Regardless of the breakfast meal administered, children had a greater decrease in appetite on day 1 of testing compared with days 2 and 3 (Po0.005). Parameter estimates indicated that being older and having higher BMI was associated with smaller decreases in satiety.
Energy intake at lunch Estimated means for the amount eaten at the buffet lunch were 2943±168 kJ for the HGL meal, 2949±166 kJ for the MGL meal and 2993±191 kJ for the LGL meal (F(2, 35.82) ¼ 0.10, P ¼ 0.91). With each increase in BMI z-score, energy intake significantly increased by 303 ± 133 kJ (P ¼ 0.03).
Satiety scores prior to the buffet lunch (at T3) were associated with energy intake for each of the dietary conditions (r ¼ 0.54 to 0.62, Po0.001).
As with satiety, there was evidence of a main effect for day of testing (F(2, 67.98) ¼ 7.46, P ¼ 0.001) with children consuming less energy at lunch on the third testing day compared with the first and second (Po0.006).
Cognitive function There were no treatment effects on changes in cognitive performance for any of the cognitive tasks (speed of processing, working memory, short-term memory, perceptual speed or IT) ( Table 4) . Meal condition did not interact with testing session or participant sex for any of the cognitive domains. Abbreviations: HGL, high glucose level/no dairy; LGL, low glucose level/high dairy; MGL, medium glucose level/medium dairy; T1, 1 h post consumption of drink condition; T2, 2 h post consumption of drink condition; T3, 3 h post consumption of drink condition. No values differed significantly. a Controlling for sex, day of testing, body mass index z-score, age and baseline scores. 
DISCUSSION
In this cohort of 10-to 12-year-old children, there were no significant differences in satiety scores, energy intakes or cognitive performance over the testing period in response to variation in the dairy protein and GL of the three breakfast meals. This study was undertaken with rigorous experimental control in a clinical setting and with children representative of the Australian population with respect to BMI. 12 The majority of prior satiety studies in children have been conducted in overweight or obese children exclusively.
1,2,13
Ludwig et al. 1 found increases in pre-lunch hunger and higher energy intake in obese teenagers following a high-GL breakfast (quick oats and milk plus lactaid) compared with a medium-GL breakfast (quick oats and milk) and low-GL meal (a cheese and vegetable omelette and fruit). The low-GL meal also contained more protein and fat and less carbohydrate than the higher GL meals. When comparing two higher GI meal replacements (milk-based drink plus chocolate bar) with a low-GI meal comparable to that used by Ludwig et al., 1 Ball et al. 2 found that glucose and insulin responses in obese teenagers were higher after the high-GI meal replacements despite similar macronutrient composition of meals. Reported satiety and ad libitum meal energy intake did not differ, however, the next meal was requested earlier after the high-GI meal. In one of the few laboratory-based satiety studies using metabolic assessments, Mirza et al. 13 reported no differences in subjective satiety or ad libitum intake in obese Hispanic children (aged 7-15 years) after provision of a 1.3 MJ high-or low-GL test meal despite differing glucose and insulin responses. Differences between appetite responses in lean and overweight/obese adults have been reported. 4 It is plausible that we observed null effects of GL on appetite because our sample was not exclusively obese.
Few studies have examined the effects of GI or GL on satiety in normal weight children. However, in a sample of 9-to 12-year-old children (n ¼ 37; 30% overweight/obese), Warren et al. 3 found significantly higher energy intake at lunch after consumption of a high-GI breakfast compared with a low-GI meal. In younger children, differences in hunger have been reported between highversus low-GL breakfasts.
14 However, these differences were not accompanied by differences in food consumption. Both abovementioned studies were conducted in classroom settings with limited experimental control.
Continuous glucose monitoring verified glycaemia in children in our study. We discovered that postprandial blood glucose concentrations fell below baseline within 90 min for all test meals; well before presentation of the buffet meal at approximately 200 min. With a higher total energy and carbohydrate content (460 g), other studies have sustained blood glucose levels for 180 min, but reported that perceived satiety was not related to the glucose response of the energy-matched meals.
2 Meta-analysis suggests that postprandial insulin may be a better predictor of appetite than postprandial glucose per se, which is not associated with short-term appetite regulation in healthy adult participants. 4 Whether this is true in children is unclear, as children may differ from adults in their expressions of appetite. 15 Nonetheless, positive associations between reported appetite and child BMI and actual intake in our sample suggests face validity of the appetite scale in our sample.
Manipulations of GL (and dairy protein) in breakfasts resulted in no differences in the change in any cognitive parameters assessed. This was true for both net effects of the breakfasts over 3 h as well as the time course of any changes. Although Gilsenan et al. 7 reported insufficient evidence for the effect of GL on cognitive performance, they also noted that the three reviewed studies in children indicated positive effects of lower GL meals on memory. For example, Benton et al. 16 observed no differences in memory between meals varying in GL, but did report significant associations between attention and classroom behaviour relative to GL. In a well-controlled study in male adults, Dye et al. 17 reported no association between changes in blood glucose and cognitive performance. The authors also noted that the cognitive facilitation of low-GL meals observed in other studies most likely occurred when children's blood glucose had returned to or below baseline values. Thus as with appetite, the effects of blood glucose on cognitive performance may be multi-faceted.
Fischer et al. 18 argued that stable cognitive performance is related to a balanced glucose metabolism and metabolic activation state. They reported that carbohydrate ingestion resulted in relatively better short-term memory and accuracy of cognitive tasks concomitant with low metabolic activation, whereas protein ingestion resulted in better attention and efficiency of tasks concomitant with higher metabolic activation. Given that in our study, we observed glucose levels falling below those captured in a fasting state, it is possible that the metabolic activation state was perturbed sufficiently in all meal conditions to obscure any differences. It is also possible that as the greatest differences in peak glucose response in our study was observed at approximately 30 min, we may have missed any possible acute differences.
Glycaemic load may be modulated by reducing the GI of the carbohydrate of the meal or by reducing the carbohydrate and replacing with protein and/or fat. It is likely that modulating GL by replacing carbohydrate with protein does not have the same metabolic impact as maintaining the carbohydrate load and reducing the GI of that carbohydrate. A recent trial suggests that variations in GI and GL may affect cognitive performance in children, suggesting that a low GI, high-GL breakfast may be ideal for children's cognitive performance. 19 We controlled total fat and replaced high-GI carbohydrate for dairy protein in the test meals. While it is possible that this may not have been a large variation in macronutrient composition, it reflected a practical variation in breakfast foods to be consumed by children.
Nilsson et al. 20 used different feeding regimes to simulate low-and high-GI breakfasts using a consistent glucose dose (50 g). They found that consumption of a low-GI compared with a high-GI breakfast was associated with improvements in working memory at 90 min in healthy adults. Interestingly, blood glucose levels were sustained above baseline on the low-GI condition and fell below baseline after 90 min. This study presented a contrast of extremes of GI and GL after a matched high carbohydrate load. Hence, the efficacy of lowering GL on cognitive performance may only be relevant if the carbohydrate load is maintained, which is in line with the suggestions of Micha et al. 19, 21 Despite different glycaemic responses between the three breakfasts, we observed no effects in appetite or cognition over the 3-h testing period. A low-GL meal, which is also low in carbohydrate, sustained glucose levels above baseline for just beyond 1 h in our children. This may explain the lack of differences between meal conditions. Future trials may show different effects with varying dietary manipulations of GL.
